GALEV evolutionary synthesis models - I. Code, input physics and
  web-interface by Kotulla, Ralf et al.
ar
X
iv
:0
90
3.
03
78
v1
  [
as
tro
-p
h.C
O]
  2
 M
ar 
20
09
Mon. Not. R. Astron. Soc. 000, 1–26 (2008) Printed 29 October 2018 (MN LATEX style file v2.2)
GALEV evolutionary synthesis models
I. Code, input physics and web-interface
Ralf Kotulla1⋆, Uta Fritze1, Peter Weilbacher2, and Peter Anders3: the GALEV team
1 Centre for Astrophyics Research, University of Hertfordshire, College Lane, Hatfield AL10 9AB, United Kingdom
2 Astrophysikalisches Institut Potsdam, An der Sternwarte 16, 14482 Postdam, Germany
3 Sterrekundig Instituut, Princetonplein 5, 3584 CC Utrecht, The Netherlands
ABSTRACT
galev evolutionary synthesis models describe the evolution of stellar populations
in general, of star clusters as well as of galaxies, both in terms of resolved stellar
populations and of integrated light properties over cosmological timescales of > 13
Gyr from the onset of star formation shortly after the Big Bang until today.
For galaxies, galev includes a simultaneous treatment of the chemical evolution
of the gas and the spectral evolution of the stellar content, allowing for what we call
a chemically consistent treatment: We use input physics (stellar evolutionary tracks,
stellar yields and model atmospheres) for a large range of metallicities and consistently
account for the increasing initial abundances of successive stellar generations.
Here we present the latest version of the galev evolutionary synthesis models that
are now interactively available at http://www.galev.org. We review the currently
used input physics, and also give details on how this physics is implemented in practice.
We explain how to use the interactive web-interface to generate models for user-defined
parameters and also give a range of applications that can be studied using galev,
ranging from star clusters, undisturbed galaxies of various types E . . . Sd to starburst-
and dwarf galaxies, both in the local and the high-redshift universe.
Key words: stars: evolution – galaxies: evolution – galaxies: formation – galaxies:
stellar content – galaxies: abundances – galaxies: star clusters
1 INTRODUCTION
galev (short for GALaxy EVolution) evolutionary synthe-
sis models have been developed over many years. They were
published in several steps and under a variety of first au-
thor names, reflecting the number of students who have con-
tributed their respective shares to the development. galev
models include the spectral evolutionary synthesis of a stel-
lar population with arbitrary star formation history on the
basis of the time evolution of the stellar population in the
Hertzsprung-Russell diagram, as well as a detailed chemi-
cal evolution model for the ISM in terms of a large num-
ber of individual element abundances. galev models have
a wide range of application from star clusters (SCs) to re-
solved nearby galaxies, to more distant galaxies observed
in terms of integrated spectra and photometry, all through
galaxies at high redshifts.
Previous applications cover the range from star clusters,
normal galaxies E, . . . Sd, dwarf galaxies with and with-
out starbursts, tidal dwarf galaxies, interacting and merging
⋆ E-mail: r.kotulla@herts.ac.uk, u.fritze@herts.ac.uk,
pweilbacher@aip.de, p.anders@astro.uu.nl
galaxies with their major starbursts, galaxy transformation
processes in galaxy clusters, high redshift galaxies with and
without starbursts and post-starbursts and damped Lyman-
α absorbers. An early attempt at coupling galev evolution-
ary synthesis models into a cosmodynamical structure for-
mation simulation was presented in Contardo et al. (1998).
galevmodels are now widely used throughout the com-
munity. To facilitate access to the latest developments we
here present a user-friendly and customized web-interface.
It allows access to already available models for the evolu-
tion of star clusters of various metallicities, and galaxies of
all types both in terms of their time evolution for compar-
ison with observations in the Local Universe and in terms
of their redshift evolution. Furthermore it allows the user to
run new models for specific applications.
The philosophy for galev models is to keep them sim-
ple with as small a number of free parameters as possible,
and have them predict a large range of observational prop-
erties, which – in comparison with observations – constrain
the few free parameters. At the present stage, galev mod-
els are 1-zone models without spatial resolution and without
any dynamics included. Future prospects are the consistent
inclusion of dust detailing absorption and reemission as a
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function of gas content, metallicity and galaxy type, and the
coupling with a dynamical model for stars and gas, includ-
ing a star formation criterion and an appropriate feedback
description, to cope with spatially resolved galaxy data.
2 THE GALEV CODE: AN OVERVIEW
2.1 Evolutionary synthesis for star clusters and
galaxies
Our galev evolutionary synthesis models have many prop-
erties in common with the evolutionary synthesis codes
from other groups, e.g. BC03 (Bruzual & Charlot 2003), PE-
GASE (Fioc & Rocca-Volmerange 1997) and Starburst99
(Leitherer et al. 1999), just to name a few, in that all these
codes trace the evolution of the stellar population in terms of
integrated spectra and/or colours for simple and composite
stellar populations.
In contrast to evolutionary synthesis, stellar population
synthesis (e.g. O’Connell 1976, 1980) or differential synthe-
sis (e.g. Pickles 1985a,b; Pickles & Visvanathan 1985) at-
tempts to find the best linear combination of stellar spectra
from some library to fit an observed galaxy spectrum . This
approach usually achieves very good fits but is limited to
a status quo description and has difficulties to prove the
uniqueness of its solutions. The existence of a stellar Initial
Mass Function (IMF) and some continuous Star Formation
History (SFH) can be imposed as boundary conditions via
Lagrangian multipliers. The major advantages of the popu-
lation synthesis approach are that it can give valuable first
guesses for unknown SFHs and that it allows for unexpected
solutions.
All evolutionary synthesis models, on the other hand,
have to assume a stellar IMF and a SFH, i.e. the time evolu-
tion of the SFR for the galaxy. They use stellar evolutionary
tracks or isochrones that have to be complete in terms of all
relevant stellar evolutionary stages.
Both methods need stellar spectral libraries that also
have to be complete in terms of stellar effective temperatures
Teff , surface gravities log(g), and metallicities [Fe/H].
galev models are available for a range of stellar IMFs,
including Salpeter (1955), Kroupa (2001), and Chabrier
(2003). Other choices of the IMF can easily be customized.
For the case of a simple stellar population (SSP), i.e. a
star cluster, the SFH is a δ-function, meaning that all stars
are formed in a single timestep. galev models for SSPs of
different metallicities (Kurth et al. 1999; Schulz et al. 2002;
Anders & Fritze 2003; Lilly & Fritze 2006) were shown to
well reproduce observed colours and spectral indices of
star clusters as function of age and metallicity. They also
show a pronounced non-linearity at metallicities close to
and above the solar value. Important results include the
findings that any colour-to-age or index-to-age calibra-
tion/transformations are only valid at one metallicity and
that any colour-to-metallicity or index-to-metallicity cali-
bration/transformations are only valid at a given age (cf.
Schulz et al. 2002), and that extrapolating observational re-
lations beyond their calibration range lead to significantly
misleading results.
In Anders & Fritze (2003) we demonstrated the impor-
tance of nebular emission lines and continuum for young
stellar populations and showed that they can account for
as much as 50 − 60% of the flux in broad-band filters, in
particular at low metallicities.
For the description of undisturbed galaxies, SFHs have
been determined for normal average galaxies of types E, S0,
Sa, Sb, Sc, Sd (cf. Sect. 5.2), that, in combination with a
Salpeter IMF extending from a lower mass limit of 0.1 M⊙
(roughly the hydrogen burning limit) to an upper mass limit
around 70− 120 M⊙, depending on the set of isochrones (cf.
Sect. 3.1) selected, provide agreement with average observed
galaxy properties in terms of colours, spectra, luminosities,
abundances, and gas content. We stress that our galaxy
types are meant to denote spectral types and we caution
that the one-to-one correspondence between spectral and
morphological types observed in the Local Universe might
not hold to arbitrarily high redshifts.
While in terms of spectral evolution of the integrated
light of galaxies (or star clusters) our models are compara-
ble to other evolutionary synthesis models, they go beyond
those in that they also allow to describe and analyze re-
solved stellar populations in terms of colour-magnitude di-
agrams (CMDs) and in that they self-consistently describe
the chemical evolution of the ISM in galaxies together with
the spectral evolution of the stellar populations (for the lat-
ter see Sect. 2.3), allowing to realistically account for the
coexistence of stellar subpopulations of different metallici-
ties observed in local galaxies.
Most of the aforementioned capabilities are not en-
tirely new. Models of the photometric evolution of galaxies
date back to Tinsley (1967, 1968, 1972), the first spectro-
scopic models appeared roughly a decade later (Bruzual A.
1983; Guiderdoni & Rocca-Volmerange 1987). Models of
the chemical evolution of galaxies (e.g., Truran & Cameron
1971; Tinsley 1972; Matteucci & Padovani 1993) were capa-
ble of taking the increasing enrichment of subsequent stel-
lar populations into account when computing colours (see
also, e.g., Matteucci & Tornambe 1987; Fritze et al. 1989),
spectra (e.g., Bressan et al. 1994; Fritze & Gerhard 1994a;
Fioc & Rocca-Volmerange 1997; Pipino & Matteucci 2004)
and line indices (e.g., Weiss et al. 1995; Bressan et al. 1996).
Silva et al. (1998) were the first to include a radiative trans-
fer code into their model and could hence extend the wave-
length coverage into the (far-)infrared. However, only very
few models (e.g., Prantzos et al. 1994; Portinari et al. 1998)
exist that take the metallicity dependence of stellar yields
into account and hence merit to be called chemically consis-
tent. Those, unlike galev presented here, mainly focus on
the metallicity distribution in the solar neighbourhood and
only derive a detailed chemical evolution but no spectral or
photometric evolution.
2.2 Chemical evolution of galaxies
Modeling the chemical evolution of galaxies starts from a
gas cloud with given initial (e.g. primordial) abundances
and given mass. A modified version of Tinsley’s equations
(Tinsley 1968), including detailed stellar yields, is solved to
study the chemical enrichment history of galaxies of different
spectral types. This requires knowledge of stellar yields, i.e.
production rates of different elements and isotopes, includ-
ing contributions from SN Ia, as well as stellar lifetimes as
function of stellar mass and metallicity, that can be taken
c© 2008 RAS, MNRAS 000, 1–26
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from nucleosynthesis and stellar evolution models, respec-
tively.
Closed-box models can be compared to models with
specified in- and outflow rates and abundances. We follow
the chemical evolution of a large number of chemical ele-
ments H, He, ... Fe, fully accounting for the time delay be-
tween SF and the return of material in stellar winds, PNe,
and SNe.
2.3 Chemically consistent GALEV models for
galaxies
Combining the chemical evolution of ISM abundances and
the spectral evolution of the stellar population thus allows
for what we call a chemically consistent treatment of both
the chemical evolution of the ISM and the spectral evolution
of the stellar population in galaxies: we use input physics
(stellar evolutionary tracks, model atmospheres, stellar life-
times and yields) for a large range of metallicities and consis-
tently account for the increasing initial abundances of suc-
cessive stellar generations.
Broad stellar metallicity distributions have been re-
ported for the Milky Way disk (Rocha-Pinto & Maciel
1998), bulge (Sadler et al. 1996; Ramı´rez et al. 2000), and
halo (Ak et al. 2007), as well as for the nearby elliptical
galaxy NGC 5128 (Harris et al. 1999; Harris & Harris 2000).
Depending on the SFH of the respective galaxy type
and eventually its infall rate, stars of different ages within
a galaxy will have different metallicities and obey an age-
metallicity relation determined by their galaxy’s SFH.
An important consequence of this coexistence of stars
with different ages and metallicities is that stars of different
metallicities and different ages dominate the light in different
wavelength regions. It has severe implications for metallic-
ity indicators defined in different wavelength regimes, which
cannot be expected to trace one and the same stellar metal-
licity. It also affects some widely used SF indicators and
modifies, e.g., the calibrations for SFRs from Hα or [OII]
fluxes, as well as from FUV luminosities (cf. Bicker & Fritze
2005).
Our galev code can model the spectral and chemical
evolution of galaxies with arbitrary IMF and SFH over cos-
mological timescales, from the very onset of SF all through a
Hubble time. In combination with a cosmological model we
can follow the redshift evolution of galaxies from the early
universe until today (Bicker et al. 2004). It also allows to
directly study the impact of evolutionary corrections as well
as of the chemically consistent treatment as compared to us-
ing solar metallicity input physics only (cf. Kotulla & Fritze
2009).
2.4 Colour magnitude diagrams
Despite simplifications the CMDs are valuable tools to
study systematic effects of SFH recovery from observations.
Fritze & Lilly (2007) and Lilly & Fritze (2008) investigated
the accuracy of recovering SFHs from CMDs as a function
of the ages of various subpopulations. In addition, they com-
pared their results with the accuracies of recovering SFHs
from integrated spectra, multi-band photometry, or Lick in-
dices. These systematic studies are essential for more dis-
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Figure 1. Stelar evolutionary tracks of a 2M⊙ star for different
metallicities ranging between Z = 0.0004 = 1/50 Z⊙ and Z =
0.03 = 1.5Z⊙.
tant unresolved stellar populations. Moreover, since syn-
thetic CMDs can be calculated in any desired filter combina-
tions, they can be used to optimize observational strategies
with respect to the optimal filter combination, e.g. to disen-
tangle ages and metallicities of young, intermediate-age or
old stellar populations.
3 INPUT PHYSICS
In the following sections we will review the input physics we
use for our galev models.
3.1 Stellar evolutionary tracks and/or isochrones
Data for stellar evolution can be taken either from isochrones
or stellar evolutionary tracks, both having their advantages
and disadvantages. galev models currently use the most re-
cent consistent set of theoretical isochrones from the Padova
group (Bertelli et al. 1994, ff) for five different metallici-
ties [Fe/H] = (−1.7;−0.7;−0.4; 0.0; +0.4) and include the
TP-AGB phase, the importance of which was shown in
Schulz et al. (2002). In order to be able to fully account for
emission lines we also include the Zero Age Main Sequence
(ZAMS) into our models. The isochrone for this ZAMS in-
cludes stars up to 120M⊙ and is created from the unevolved
first data points of the stellar evolutionary tracks. For more
details we refer the reader to Bicker & Fritze (2005).
In Fig. 1 we show stellar evolution tracks for a 2M⊙
star for 6 different metallicities ranging from Z = 0.0004 =
1/50 Z⊙ to Z = 0.03 = 1.5 Z⊙ (Girardi et al. 2000). The
general shape remains unchanged with changing metallic-
ity, but low-metallicity tracks are shifted towards increasing
luminosities and higher effective Temperatures, i.e. towards
the top left in the Hertzsprung-Russell diagram. This be-
haviour is the same for stars of all masses, in the sense that
with decreasing metallicity stars become more luminous and
their spectra shift towards higher effective temperatures. It
is therefore crucial to include those effects to obtain a con-
sistent picture of galaxy evolution.
c© 2008 RAS, MNRAS 000, 1–26
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Figure 2. Stellar spectra from the Lejeune library for a star with
identical Teff = 3000K and log g = 4.0, but different metallicities
from [M/H] = −1.5 . . .+ 0.3.
3.2 Library of stellar spectra
In principle, every library of stellar spectra – observed or
theoretical – can be used, provided it is complete in terms
of stellar Teff , log(g), and [Fe/H]. galev assigns spectra
to stars in the isochrones according to each star’s metal-
licity, effective temperature Teff and surfce gravity log(g),
normalising the spectra with the star’s luminosity (for de-
tails see Sect. 4.1). So far, galev uses the BaSeL library of
model atmospheres from Lejeune et al. (1997, 1998), origi-
nally based on the Kurucz (1992) library. The wavelength
coverage spans the range from the XUV at λ ≈ 90 A˚ to the
FIR at λ = 160µm, with a spectral resolution of 20 A˚ in
the UV-optical and 50−100 A˚ in the NIR range. We remind
the reader that there are significant contributors other than
starlight (e.g. PAHs, thermal emission from cold dust) at
wavelengths beyond the K-band, that are not currently in-
cluded in our models. This wavelength range should hence
be used with caution.
Stellar spectra are heavily influenced by metallicity due
to the increased absorption line strength (e.g. for Fe-lines)
and line-blanketing with increasing abundances. In Fig. 2
we show the example of a cool star (Teff = 3000K, log g =
4.0) from the above mentioned BaSeL library. The effects of
metallicity are stronger for cool stellar atmospheres where
molecular absorption by VO, TiO, NH4, H2O etc. plays a
larger role (Allard et al. 2000; Kucˇinskas et al. 2006).
3.3 Gaseous emission: lines and continuum
In addition to the stellar absorption spectra we also compute
line and continuum emission from gas ionized by hot massive
stars.
We do not take the ionizing photons from the stellar
spectral library, but instead use the tabulated values from
Schaerer & de Koter (1997) for NLyC as a function of stel-
lar effective temperature, radius, and metallicity. They yield
much better agreement with observations as well as with re-
cent results from expanding non-LTE, line-blanketed models
atmosphere calculations by Smith et al. (2002).
We can then compute the total flux emitted by the gas
per unit wavelength as
Fλ =
γλ(T )
α(2)(T )
NLyC =
c
λ2
γν(T )
α(2)(T )
NLyC (1)
with the speed of light c, electron temperature
T = 10 000K, and total recombination coefficient
α(2)(10 000K) = 2.575×10−13 cm3 s−1 (Aller 1984). The gas
continuum coefficients are then computed for T = 10 000K
following Ercolano & Storey (2006) that contains an algo-
rithm to compute the bound-free radiation for hydrogen
and helium (γHI, γHeI, and γHeII). The HI two-photon emis-
sion coefficient γH2p is taken from Nussbaumer & Schmutz
(1984) and for the free-free emission γb we use the formula
from Brown & Mathews (1970) and compute the Gaunt fac-
tors using the algorithm from Hummer (1988). All γ-factors
are summed to form the final:
γν = γb + γH2p + γHI +
nHe+
nH+
γHeI +
nHe++
nH+
γHeII. (2)
For the densities of the helium He I and He II ions rela-
tive to H I we use values typical for H II regions in galaxies
(Ercolano, priv. comm.), 0.0897 and 1.667 × 10−4 for He I
and He II, respectively. The final isochrone spectra are not
very sensitive to slight changes in these values.
The line strengths of the hydrogen lines are computed
using atomic physics and the emission rate of ionizing pho-
tons NLyC from O- and early B-stars. From the number of
ionizing photons, NLyC, we compute the flux in the Hβ line
using
f(Hβ) = 4.757 × 10−13erg× NLyC. (3)
Assuming Case B recombination for a pure hydrogen cloud
with Te = 10 000K (Osterbrock & Ferland 2006), we can
then derive the line strengths of all other hydrogen lines.
Line strengths for heavier elements are computed using
metallicity-dependent line-ratios relative to Hβ. For metal-
licities [Fe/H] > −0.4 those are taken from the Stasin´ska
(1984) photoionization models, adopting typical Galac-
tic values of Te = 8100 K and ne = 1 cm
−3 for electron
temperature and density. For lower metallicities, we use
observed line ratios from Izotov et al. (1994, 1997) and
Izotov & Thuan (1998). These are supposed to include sys-
tematic changes in Te, ne and the ionizing radiation field
in lower metallicities environments (cf. Anders & Fritze
2003). Note that we do not include detailed radiation trans-
fer calculations (as, e.g., in Garcia Vargas & Diaz 1994;
Ferland et al. 1998; Ercolano et al. 2003), hence we cau-
tion the user to use line-ratios for detailed line diagnostics.
We correct the gaseous emission for small amounts of dust
within the HII regions by reducing the ionizing flux by 30% if
the gaseous metallicity is near solar, i.e. for [Fe/H] > −0.4.
For lower metallicities we use the full ionizing flux since
those environments are essentially dust-free (Mezger 1978).
We do not account for yet unknown amounts of dust deple-
tion of heavy elements within the HII regions. However, in
the case of low-metallicity galaxies these effects are already
included in the observed line-ratios.
Note that we do not account for internal self-absorption
of Lyman continuum photons within the HII regions or
the surrounding galaxy, since the fraction of flux leak-
ing out of these regions is still a matter of ongoing de-
bate (see, e.g., Ferguson et al. 1996; Castellanos et al. 2002;
c© 2008 RAS, MNRAS 000, 1–26
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Figure 3. Emission line spectrum of the 4Myr isochrone for 5 dif-
ferent metallicities ranging between Z = 0.0004 ([Fe/H] = −1.7)
and Z = 0.05 ([Fe/H] = +0.4).
Ferna´ndez-Soto et al. 2003; Inoue et al. 2005; Siana et al.
2007; Wise & Cen 2008).
Depending on application, our models can include both
continuum and line emission, continuum emission only
or no gas emission at all. In Kru¨ger et al. (1995) and
Anders & Fritze (2003) we showed that in the case of Blue
Compact Dwarf galaxies and in young and metal-poor SSPs,
gaseous emission can contribute as much as 60% to the flux
in broad-band filters. Emission lines are the dominant con-
tributors in the optical, whereas continuum emission domi-
nates in the NIR.
Combining the effects of higher luminosities and higher
effective temperatures with the effects of longer lifetimes of
high-mass stars at low metallicities has a profound impact
on the spectrum of galaxies. All three factors lead to bluer
colours, higher overall luminosities and as a further aspect
significantly stronger gaseous emission, i.e. gaseous contin-
uum and line emission.
In Fig 3 we show the gaseous emission spectra for
isochrone spectra at an age of 4Myr and for 5 metallicities
from 1/50Z⊙ to 2.5 Z⊙. The first notable aspect is the over-
all emission line strength that is higher by a factor of about
10 comparing the two extreme cases. But also the individ-
ual line ratios change significantly, i.e. the ratio between Hα
(6563 A˚) and [N II] (6583 A˚) (Hα/[NII] ≈ 48 at low metal-
licity and ≈ 7 for solar metallicities). This extreme ratio
is directly affected by the lower nitrogen abundance at low
metallicity. Other line ratios, e.g. [O II] (3727 A˚) to [O III]
(5007 A˚) also change due to the more intense radiation field
coming with the low metallicity environment.
3.4 Lick stellar absorption indices
Since the resolution of the Lejeune et al. (1997, 1998) li-
brary is not sufficient to calculate Lick absorption indices di-
rectly from the spectra, galev models use the empirical cal-
ibrations presented by Gorgas et al. (1993), Worthey et al.
(1994) and Worthey & Ottaviani (1997). From those, galev
calculates the fluxes in the Lick indices for every star, sums
them up for the entire stellar population at every timestep
to yield integrated index fluxes and, in combination with
continuum fluxes from the integrated absorption line spec-
tra, the respective index equivalent widths (Kurth et al.
1999; Lilly & Fritze 2006). galev at the present stage in-
cludes the following Lick indices: HδA, HγA, HδF , HγF , CN1,
CN2, Ca4227, G4300, Fe4383, Ca4455, Fe4531, Fe4668, Hβ,
Fe5015, Mg1, Mg2, Mgb, Fe5270, Fe5335, Fe4506, Fe5709,
Fe5782, NaD, TiO1, and TiO2 (see Trager et al. 1998, and
references therein for all index definitions).
3.5 Stellar yields
To model the chemical enrichment histories of galaxies,
galev uses stellar yields for a large number of individ-
ual elements (H, He, Li, Be, B, C, N, O, F, Ne, Na, Mg,
Al, Si, P, S, Cl, Ar, K, Ca, Sc, Ti,V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, Ga, Ge) from Woosley & Weaver (1995) for mas-
sive stars and from van den Hoek & Groenewegen (1997) for
low-mass stars of various metallicities. Stellar lifetimes are
taken from the isochrones. There is a minor inconsistency in
doing so, since Woosley & Weaver (1995) used models with-
out mass-loss, while current isochrones in general account
for mass-loss. However, since yields are only available for a
very coarse metallicity grid this does not significantly affect
the resulting chemical evolution. galev also includes type
Ia SN yields for the carbon deflagration white dwarf binary
scenario (W7) from Nomoto et al. (1997). See Lindner et al.
(1999) for a detailed description of the chemically consistent
chemical evolution aspects of galev.
3.6 Ejection rates and remnant masses
One of the central input parameters for galev is the time-
dependent ejection rates necessary to compute the chemical
evolution of galaxies. Those rates are derived from the initial
stellar masses M⋆ and the remaining remnant masses mR.
For stars with masses M⋆ > 30M⊙ the remnant is assumed
to be a black hole of mBH = 8.0M⊙, with the remaining
mass being returned to the ISM; stars with initial masses of
30M⊙ > M⋆ > 6.0M⊙ result in a neutron star of mass mNS
given by Nomoto & Hashimoto (1988):
mNS[M⊙] = 1.02 + 3.6363 × 10
−2(M⋆/M⊙ − 8.0)M⊙;
For the mass range of 6.0M⊙ > m⋆ > 0.5M⊙, for which the
stellar remnant is a white dwarf, we use a fit to the data
points of Weidemann (2000):
mWD[M⊙] = 0.444 + 0.0838(M⋆/M⊙);
This, combined with the extrapolation of the NS relation
down to 6M⊙, provides a better matched connection be-
tween the two mass ranges. while being compatible with the
slightly steeper slope derived by Kalirai et al. (2008). How-
ever, as the remnant is only used to derive the mass returned
c© 2008 RAS, MNRAS 000, 1–26
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Figure 4. Main-sequence lifetimes as function of initial stellar
mass for three different metallicities.
to the ISM during its lifetime and death, the exact transition
point from neutron star to white dwarf is of minor impor-
tance.
Stars with masses m⋆ . 0.5M⊙ have lifetimes in excess
of a Hubble time and negligible winds, hence do not return
any material to the ISM.
In Fig. 4 we show the main-sequence lifetimes of stars
as function of initial mass for three different metallicities
from Z = 0.002 = 1/10 Z⊙ to Z = 0.02 = Z⊙, based on data
from Marigo et al. (2008) for M⋆ < 7M⊙ and Bertelli et al.
(1994) for M⋆ > 7M⊙. Low-mass stars live longer at high
metallicities, while high-mass stars have longer lifetimes for
lower metallicities; stars with masses ≈ 3 − 4M⊙ have
roughly the same lifetimes independent of metallicity (see
Fig. 4). The 20M⊙ star for example has a 10% increased
lifetime at Z = 1/10Z⊙ as compared to Z = Z⊙.
3.7 Filter functions and magnitude systems
galev includes a large number of filter functions to be con-
volved with the model spectra in order to avoid uncertain-
ties associated with transformations between filter systems.
It also provides the option to choose the desired magni-
tude system Vegamag, ABmag, and STmag to be directly
comparable to observations and avoid transformations be-
tween different magnitude systems. Magnitudes in the Vega-
mag systems are defined to have magnitude zero for an
A0V star; we use the Vega-spectrum from the Lejeune et al.
(1997, 1998) library combined with the flux calibration
from Bohlin & Gilliland (2004) as our standard star. AB
magnitudes (Oke 1974; Bohlin & Gilliland 2004) are de-
rived from the monochromatic flux fν such that mAB =
−2.5 log(fν) + 48.6 if fν is measured in erg s
−1 cm−2 Hz−1;
a colour of 0 in the AB magnitude means that the object
emits constant flux per unit frequency interval; analogous
to the above, colours of 0 in the ST magnitude systems
mean constant emitted flux per unit wavelength interval.
The zeropoint has been chosen such that a source with
fλ = 3.63 × 10
−9erg s−1 cm−1 A˚−1 has mST = 0mag in all
filters.
Our current database contains filters from all major
telescopes and instruments, including all HST instruments
(incl. WFC3), many ESO instruments, and all common fil-
ter sets like Johnson/Cousins, Stro¨mgren, Washington, and
SDSS. However, note that due to the wide wavelength sam-
pling of 20 A˚ of the current spectral library, narrow-band
filters cannot be adequately supported at this stage.
3.8 Dust extinction
To account for extinction and reddening due to interstel-
lar dust, galev also implements the most commonly used
empirical extinction laws from Calzetti et al. (2000) and
Cardelli et al. (1989). The earlier was derived from actively
star-forming galaxies and describes a relatively gray extinc-
tion without the 2175 A˚ bump, characteristic for the latter
extinction law. For the Cardelli law we assume a mean ex-
tinction parameter of RV = A(V)/E(B − V) = 3.1, char-
acteristic for relatively quiescent galaxies. Although models
exists that offer a more detailed treatment of dust extinc-
tion and in some cases dust emission (see, e.g., Silva et al.
1998; Popescu et al. 2000; Cunow 2001, 2004; Dopita et al.
2005; Mo¨llenhoff et al. 2006; Piovan et al. 2006a,b), the ma-
jor drawback of these models is that they in general require
assumptions on the geometry and spatial distribution of
dust, gas and stars. However, the aim of galev is to de-
scribe the spectrum of the average represantation of each
galaxy type, making if difficult to compare these two ap-
proaches.
3.9 Cosmological model
galev can also be coupled to a cosmological model to de-
scribe the evolution of galaxies as function of redshift. For
this purpose we have to convert ages into redshifts and vice
versa. In its current version we implemented a flat cosmology
(ΩK = 0). The choice of the local Hubble constant H0, the
density parameters ΩM and ΩΛ (with the additional con-
straint ΩM + ΩΛ = 1) and the galaxy formation redshift
zform then completely determine the galaxy age as function
of redshift. Because of the short time interval between e.g.
z = 12 and z = 5, the exact value of zform has very little im-
pact, hence we choose an intermediate value of zform = 8 as
our default.
3.10 Intergalactic attenuation
To correctly describe spectra of higher redshift galaxies one
has to include the absorption shortwards of the Lyman-α
line due to intervening neutral hydrogen clouds. For that
reason galev implements the description for the average
attenuation effect as function of redshift following Madau
(1995) and covering the range 0 6 z 6 7.
4 PROGRAM STRUCTURE
The actual modeling process with galev can be divided into
three steps:
(i) In the first step galev convolves the isochrones of
each age-metallicity combination with the specified IMF,
normalized to 1M⊙. It then assigns a spectrum from the
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stellar library to each star on each isochrone and computes
the integrated isochrone spectrum. Then the gaseous con-
tinuum emission and emission lines are added to the young
isochrone spectra. Using the yield tables and stellar remnant
masses described in Sect. 3.5 with stellar lifetimes from the
isochrones, galev also derives the gas and metal ejection
rates needed for the chemical evolution.
(ii) In the second step galev computes the chemical and
spectral evolution of the desired stellar population. For each
timestep the current isochrone spectra are weighted with the
SFH. The contributions from older SF episodes are obtained
by integration over all past timesteps. The required interpo-
lations in age and metallicity are described below. galev
thus calculates the time evolution of the integrated spec-
trum and its resulting line strength (i.e. Lick-) indices of a
simple (SSP, star cluster) or composite (galaxy) stellar pop-
ulation, including the gaseous emission where appropriate.
From the ejection rates and the available gas mass galev
calculates the new gaseous metallicity that will be used for
stars born during the next timestep.
(iii) In the last step galev converts the integrated spec-
tra into magnitudes in a large number of filters. Given a list
of requested filters it convolves the spectra with the filter
functions and applies zero-points to yield absolute magni-
tudes for each timestep. It can alternatively be combined
with a cosmological model to yield apparent and absolute
magnitudes as function of redshift. If requested it also ac-
counts for dust extinction using observed extinction laws
and, in the context of cosmological evolution, also for the
attenuation by intergalactic neutral hydrogen.
This process is also explained in a more vivid step-by-step
explanation in appendix A.
4.1 Computation of isochrone spectra
A crucial step is the assignment of stellar spectra from the
library to the points describing the isochrones. Since the
available stellar parameters Teff and log(g) in the library
often do not match those required by the isochrones, galev
has to interpolate between them in both Teff and log(g).
For a given combination of Teff and log(g) this is done as
follows:
(i) Find up to four spectra bracketing the required values
in both Teff and log(g).
(ii) Interpolate the spectra to the required value of Teff
in each pair of lower (upper) values of log(g), yielding two
new interpolated spectra with the correct Teff and different
log(g). An important factor during this interpolation is the
weighting of the spectra with each star’s luminosity given
by the isochrone. We choose to use the integrated luminos-
ity in the Johnson-V or Bessell-H-band, depending on the
temperature of the star given by Teff . The original approach
to normalize all stars in the V-band turned out to be insuf-
ficient for cool giants with only little flux in the optical. A
“cool giant” in this context is defined by Teff 6 3500K and
log(g) 6 3.5.
(iii) The spectrum for the required value of log(g) is then
obtained by interpolation between the two spectra with the
right Teff , again weighting with each star’s respective lumi-
nosity.
For the very hot stars (Teff > 50 000K), the BaSeL stellar li-
brary does not provide spectra. In those cases we extend the
spectral library by approximating the missing stellar spectra
with black-body spectra of the requested temperatures. The
validity of this approximation for wavelengths longwards of
λ ≈ 230 A˚ is supported by only minor differences between
pure black-body and true spectra from both observations
(Gauba et al. 2001) and modelling (Rauch 2003) of very hot
central stars of planetary nebulae.
In a final step, all isochrone spectra are normalized to a
distance of 10 pc, and are given in units of erg s−1 cm−2 A˚−1.
4.2 Interpolation of isochrone-spectra and
integration of galaxy spectra
One important aspect of galev is how to interpolate be-
tween the isochrone spectra of different ages and metallici-
ties, in other words how to map the coarse grid of isochrones
available onto the finer grid needed for galaxies. galev here
interpolates logarithmically between ages and linearly be-
tween metallicities expressed as log(Z) ∼ [Fe/H]. During
their very early stages the gaseous metallicities of galax-
ies are lower than the metallicity of the lowest metallicity
isochrone with [Fe/H] = −1.7. For stars born at these stages,
we chose to use the lowest metallicity isochrone to avoid
the uncertainties in an extrapolation to lower metallicities.
The same is done for stars born from gas with a metallic-
ity higher than the highest metallicity isochrone. For these
stars we use the highest metallicity isochrone available with
[Fe/H] = +0.4.
5 CALIBRATION OF THE GALEV MODELS
AND COMPARISON TO OBSERVATIONS
We stress that with the input physics as outlined above, a
stellar IMF with lower and upper mass limits chosen and
total mass of the galaxy or star cluster specified, galev
models provide the time evolution of spectra, luminosities,
and colours in absolute terms. The same holds true for the
gas content and the chemical enrichment of galaxies. No a
posteriori gauging is applied.
The only exception is the cosmological context for
galaxies: before luminosities and magnitudes of redshifted
galaxies are calculated, the B-band model luminosities af-
ter a galaxy age corresponding to redshift z = 0.0044 (i.e.
the redshift of the Virgo cluster) in the chosen cosmological
model are scaled to the average observed B-band luminosity
of the respective galaxy type in the Virgo cluster (cf. Sect.
5.2).
In the following we present as an overview the compari-
son of galev models for star clusters and for normal galaxy
types E, Sa . . . Sd with observations and refer to previous
papers for more details.
5.1 Star clusters
The colours from U through K predicted by galev mod-
els for SSPs or star clusters at an age of ∼ 12 − 13 Gyr
are in very good agreement with the respective observed
colours for a large set of M31 and Milky Way globular clus-
ters (Barmby et al. 2000; Barmby & Huchra 2000) at their
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respective metallicities (cf. Schulz et al. 2002). Small devia-
tions in the U- and B-bands can be explained by the ex-
istence of Blue Straggler stars (likely products of stellar
mergers) in the dense cores of GCs, which can make sig-
nificant contributions at those short wavelengths (Xin et al.
2007; Xin & Deng 2005; Cenarro et al. 2008), but are not
included in our models yet, as standard isochrones exist
for non-interacting single stars only. Further contaminants
in the blue-to-UV region are Blue Horizontal Branch stars
(Schiavon et al. 2004; Dotter et al. 2007) and to a lesser
degree even Cataclysmic Variables and low-mass X-ray bi-
naries in the far-UV range (Rich et al. 1993; Dieball et al.
2007).
As shown in Kurth et al. (1999) and Lilly & Fritze
(2006), Lick indices for SSPs as calculated by galev agree
well with Galactic and M31 globular cluster data as com-
piled by (Harris 1996) in his online catalog1 .
galev models for star clusters also show good agree-
ment at an evolutionary age of ∼ 12− 13 Gyr with the em-
pirical calibrations for colours (B − V ) and (V − I) versus
metallicity [Fe/H] for old Galactic and M31 globular clus-
ters, as e.g. given by Couture et al. (1990) and Barmby et al.
(2000) over the metallicity range −2.3 6 [Fe/H] 6 −0.5 of
these clusters. They also show, however, significant devia-
tions from a linear extrapolation of these empirical relations
towards higher metallicities, and they also show that the em-
pirical relations are only valid for the old globular clusters
for which they have been derived. Models can, of course, be
used to study the behaviour of colour – metallicity relations
for any colour and as a function of time (cf. Schulz et al.
2002, for details).
In Figure 5 we plot the evolution of three SSP models
with different metallicities ranging from the lowest available
value of [Fe/H] = −1.7 to the solar value [Fe/H] = 0.0. For
comparison we also show V-K colours from Persson et al.
(1983) for star clusters in the Large Magellanic Cloud,
colour-coded according to their metallicity as derived from
CMDs Mackey & Gilmore (2003). Our models are able to
not only reproduce the full range of observed colours, but
also match the colour-evolution of each metallicity subpop-
ulation if accounted for typical uncertainties of 0.4 dex in
the age-determination. For the old and metal-poor globular
clusters our predicted V-K colours are in good agreement
with observations.
As shown in Lilly & Fritze (2006), galev models for
SSPs also agree, after 12−13 Gyr of evolution with empirical
calibrations of Lick indices vs. [Fe/H]. However, they also
show that all metal-sensitive indices are also age-dependent
and that the famous age-sensitive Hβ and Hγ indices are
also metal-dependent to some extent (see also Thomas et al.
2003; Korn et al. 2005). Hence, the empirical calibrations of
Mg2, Mgb, etc. vs. [Fe/H] are valid only for old (i.e. > 10
Gyr) globular clusters.
Empirical calibrations for colours or Lick indices vs.
metallicity or age should therefore not be used for star clus-
ters or globular clusters for which it is not a priori clear
that their properties fall within the range of the calibrating
Galactic clusters. Instead a full set of colours and/or indices
in comparison to an extended grid of models covering the
1 http://physwww.physics.mcmaster.ca/˜harris/mwgc.dat
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full parameter space, allows for independent and accurate
determinations of both ages and metallicities (cf. Sect. 8.1).
5.2 Galaxies
By default, all our galev models for galaxies use a Salpeter
IMF (Salpeter 1955) with lower and upper mass limits of
0.1M⊙ and 100M⊙, respectively.
The star formation histories, i.e. the time evolution of
the star formation rates, of the different spectral galaxy
types E and Sa to Sd are the basic parameters of galev
and, in fact, of any kind of evolutionary synthesis models.
In Fig. 6 we show SFHs for galaxies of different types from
E through Sd, assuming the same total (i.e. stars and gas)
mass Mtot of 10
10M⊙ for all of them. These SFHs are in
good agreement with chemical and spectrophotometric find-
ings from Sandage (1986).
For the elliptical model we use an exponentially declin-
ing SFR
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Ψ(t) =
Mtot
α
× exp(−t/τ ) (4)
with an e-folding time τ = 1Gyr and α = 8.55×108 yr.
For spectral types S0 and Sa through Sc the SFR is tied
to the evolving gas content as given by
Ψ(t) = β ×
Mgas(t)
109
, (5)
with efficiency parameters β decreasing from early to
later spiral types, β = 1.0 yr−1 for S0, β = 0.33 yr−1 for Sa,
β = 0.19 yr−1 for Sb, and β = 0.11 yr−1 for Sc galaxies.
Sd model galaxies are described by a constant SFR:
Ψ(t) = ψ0 ×
Mtot
1010
= const, (6)
where Ψ0 = 0.4 M⊙ yr
−1.
For closed-box models, these parameters α, β, ψ0, and τ
are the only free parameters. We do not require additional
parameters such as infall of gas or outflow in galactic winds
to reproduce observations. Note that all these SFH param-
eters are independent of galaxy mass. We therefore do not
reproduce mass-metallicity or colour-magnitude relations for
galaxies of identical spectral types.
These SFHs are very similar in all evolution-
ary synthesis models (cf. e.g. Bruzual & Charlot 2003;
Fioc & Rocca-Volmerange 1997). In detail, we adjust the
SFH for the chemically consistent galev models as to
match, after a Hubble time of evolution (i.e. ≈ 13Gyr
for our assumed concordance cosmology with H0 =
70 kms−1Mpc−1, ΩM = 0.30 and ΩΛ = 0.70), the observed
• average integrated colours from UV through NIR,
• average gas fractions,
• average metallicities,
• average present-day SFRs,
• average mass-to-light ratios, and
• template UV – optical spectra
of the respective spectral types as detailed below. All these
observational constraints together very neatly define the av-
erage SFHs of undisturbed galaxies E, Sa, Sb, Sc, Sd and
tightly constrain the few parameters describing them for a
given IMF.
We stress that galev and all other evolutionary syn-
thesis models with their respective SFHs are meant to de-
scribe spectral types of galaxies. And we caution that while
in the Local Universe and for undisturbed galaxies a clear
one-to-one correspondence is observed between spectral and
morphological types, it is an open question how far back in
time this correspondence might hold.
Gas fraction: The above described parameters have
been tuned to reproduce the typical gas fractions observed
in local galaxies (e.g. Read & Trentham 2005). We use gas
contents, defined as fractions of gas relative to the total
(gas+stars) mass, of Mgas/Mtot = 0.0 for E-models, 0.05 for
Sa, 0.15 for Sb, 0.30 for Sc, and 0.55 for Sd models, respec-
tively.
Colours: With these parameters being fixed, we com-
pare a wide range of model-predicted colours from near-UV
to near-IR to values from the literature. Our (B-V) colours,
e.g. of 0.86 (E), 0.78 (Sa), 0.64 (Sb), 0.56 (Sc), and 0.43
(Sd) compare very well with the ranges found in the RC3
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Figure 7. Evolution of galaxies of different types E through
Sd in the (B-R)–(V-I) colour-colour-plane. Colours after 13 Gyr
are plotted with large symbols. We also show colours for typical
galaxies (large circles around galaxy type) taken from Buta et al.
(1995) and Buta & Williams (1995).
catalog of de Vaucouleurs et al. (1995), listing mean colours
of (B − V) = 0.89+0.17
−0.53 (E), 0.74
+0.25
−0.35 (Sa), 0.66
+0.22
−0.47 (Sb),
0.51+0.22
−0.50 (Sc), and 0.44
+0.22
−0.18 (Sd).
Spectra: In Fig. 5.2, we compare our model spectra to
local templates for the galaxy types E, Sa, Sb, Sc, Sd from
the catalog of Kennicutt (1992). As can be seen from those
plots, the observed spectra for all spectral galaxy types from
old passive ellipticals through the actively star forming Sd
galaxies are well reproduced. Although our spectra (here us-
ing Lejeune’s library) have a lower spectral resolution than
the observed templates, they nonetheless reproduce all fea-
tures, like absorption and emission lines. In the lower part
of each plot we also show relative differences between model
and template spectra. Deviations are generally smaller than
differences between different galaxies of the same type, con-
firming the good agreement. Small differences for the emis-
sion lines originate in different spectral resolutions of tem-
plates and model spectra. Note that due to our chemically
consistent treatment galev models can reproduce the Sd
template spectrum with our Sd model at an age of 13Gyr.
This is a notable difference to all other evolutionary synthe-
sis models that can only reproduce Sd template spectra with
younger models of ages 4 − 6 Gyr (cf. Bruzual & Charlot
1993).
Metallicities: As mentioned above galev models cal-
culate the time evolution not only of individual element
abundances but also of the global ISM metallicity Z. Af-
ter ∼ 13 Gyr of evolution (for details on the evolution
as function of age or redshift see Bicker et al. (2004) or
Kotulla & Fritze (2009)), our models reach ISM abundances
of ZE = Z⊙, ZSa = 1.5 Z⊙, ZSb = 0.8 Z⊙, ZSc = 0.5 Z⊙,
and ZSd = 0.25 Z⊙. Those metallicities are in good agree-
ment with typical ISM abundances, as measured at 1Reff ,
the effective or characteristic radius, of spiral galaxies
of various types (Oey & Kennicutt 1993; Ferguson et al.
1998; van Zee et al. 1998). Note that our models aim to
represent the typical L⋆ or M⋆ galaxy of each spectral
type. Galaxies of different masses within the same spec-
tral type are known to have slightly different metallici-
ties, as described by the mass-metallicity or luminosity-
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Figure 8. Comparison of model spectra of different types (top row: E and S0, middle row Sa and Sb, bottom row Sc and Sd) with
observed template spectra from Kennicutt (1992). The black solid lines show the spectrum of galev models at an age of 12.8 Gyr, the
coloured lines show spectra of several template galaxies of each respective type. In the lower part of each plot we also show relative
differences between the galev spectra and each template spectrum.
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metallicity relations (Skillman et al. 1989; Tremonti et al.
2004; Kewley & Ellison 2008). As stated before, these re-
lations are currently not accounted for by galev standard
models. However, the user is free to choose parametriza-
tions of the SFHs as a function of galaxy mass (as, e.g., in
Bressan et al. 1994) that reproduce these relations.
Star formation rates: galev models predict the fol-
lowing present-day SFRs Ψp in [M⊙ yr
−1] for the different
spectral galaxy types: Ψp ≈ 0 for E, Ψp = 0.65 for Sa,
Ψp = 0.4 for Sb, Ψp = 0.47 for Sc, and Ψp = 0.13 for Sd
galaxies. These numbers are in agreement with the average
star formation rates of 0.22, 0.32 ± 0.2, 0.33 ± 0.14, and
0.09 ± 0.03M⊙ yr
−1 for Sa to Sd galaxies from Kennicutt
(1983). We caution that the smooth SFHs in galev and
other evolutionary synthesis models certainly are simplifica-
tions; real galaxies will in general experience fluctuations in
their SFRs around these mean values. For the Milky Way,
Rocha-Pinto et al. (2000) showed on the basis of individual
stellar ages and abundances that the mean global SFH in-
deed fell nicely between those of our Sb and Sc models, with
fluctuations of a factor of 2 on timescales of 100Myr. Such
fluctuations around the mean, however, do not significantly
affect the long-term evolution.
Mass-to-light ratios: Using the stellar mass assem-
bled after ∼ 13 Gyr and the absolute V-band luminos-
ity, we compute the V-band mass-to-light ratios. The re-
sults are: M/LV(E,Sa,Sb,Sc,Sd) = 11.8, 8.2, 5.9, 4.5, 3.0,
respectively. These include a factor that we call fraction
of visible mass (FVM) and that accounts for the frac-
tion of mass locked up in sub-stellar objects like brown
dwarfs, planets, etc. This factor is set to FVM=0.5 in galev
models, implying that only half the star formation rate
forms luminous stars, while the remaining half is locked
up in non-luminous objects (cf. Bahcall et al. 1992). Only
with this FVM=0.5 can agreement with observed average
M/L ratios (Faber & Gallagher 1979; Bell & de Jong 2001;
Read & Trentham 2005) be achieved together with agree-
ment in colours, spectra, and chemical abundances. Note
that FVM does not include remnants of stellar evolution
like white dwarfs, neutron stars or black holes; those are
considered separately as part of stellar evolution.
Introducing the FVM parameter does not only affect
the mass-to-light ratios but also has an impact on the chem-
ical evolution with in turn impacts on most other derived
parameters. A Salpeter IMF with mass-limits of 0.1 and
100 M⊙ would lock up 60% of the mass in long-lived stars
with M 6 1M⊙, with the remaining 40% progressing the
chemical enrichment of the galaxy. However, by applying a
FVM=0.5 we half this fraction of stars with M > 1M⊙ so
that now only 20% of stars return their ejecta at the end of
their lifes, with the majority of mass being locked up. This
concept to slow down the chemical enrichment is a common
feature of many codes, but comes with different names, e.g.
as free parameter (1− ξ) in Portinari et al. (1998).
Luminosity normalization With the SFHs as given
above and a Salpeter IMF, galev models calculate the time
evolution of spectra and luminosities in absolute terms as a
function of the total mass, initially all in gas. Colours, of
course, are independent of galaxy mass as galev models
assume the SFH of each galaxy type to be independent of
galaxy mass (see Fig. 6). Chemical ISM abundances are also
determined by this SFH and by the absolute level of SFRs
in relation to the mass in the initial gas reservoir. Spec-
tral fluxes and luminosities on the other hand are mass-
dependent. If models of undisturbed galaxies are to be com-
pared to observations of individual galaxies, it is important
to calibrate their absolute luminosities to the observed ones,
thereby also calibrating their (gaseous + stellar) masses and
their SFRs.
Before we can compare models to distant galaxies, we
need to calibrate their apparent magnitudes in the Johnson
B-band against average observed magnitudes of the respec-
tive spectral galaxy types in the Local Universe. The average
observed apparent luminosities of the different galaxy types
in the Virgo cluster are given by Sandage et al. (1985a,b)
to be mB(E) = 10.20, mB(S0) = 12.60, mB(Sa) = 11.95,
mB(Sb) = 12.90, mB(Sc) = 12.83, and mB(Sd) = 13.95. The
correction factors to match the computed and observed lu-
minosities are then also applied to all mass-dependent model
parameters, i.e. to stellar and gaseous masses, SFRs, etc.
5.3 Disturbed galaxies: Starbursts & SF
truncation
In addition to the undisturbed galaxies above with their
smooth and monotonically decreasing SFRs, galev can also
describe the evolution of galaxies encountering fast changes
in their SFR, e.g. a starburst with significantly enhanced
star formation rate, or a truncation or strangulation of the
star formation rate on some shorter or longer timescale, re-
spectively. This allows us to study not only the spectral
but also the chemical evolution of galaxies that experience
starbursts or a quenching of their normal SFR, as they can
occur e.g. during galaxy-galaxy interactions or mergers or in
the course of the various transformation processes discussed
for field galaxies that fall into galaxy clusters. We recall that
galev models only deal with effects on the SFRs of galaxies
and should be viewed as complementary to dynamical mod-
els describing the morphological transformations eventually
related to these processes. Both starbursts and SF trunca-
tion/strangulation require additional free parameters. The
first of these is the time of onset tb, i.e. the age at which a
previously undisturbed galaxy begins to feel changes in its
SFR. Starbursts are described by a prompt increase in SFR
followed by an exponential decline on some given timescale
τb, that typically is of the order of a few hundred Myr for
normal-size galaxies and of order 105 − 106 yr for dwarf
galaxies.
Across the literature, a number of different definitions
for the strength of a burst are in use. The strength of a burst
is either described by the amount of stars formed during the
burst as compared to the stellar mass at the beginning or at
the end of the burst or by the amount of all gas available at tb
that is transformed into stars during the burst, equivalent to
the star formation efficiency (SFE) of the burst. We prefer
the latter definition and define the burst strength via the
star formation efficiency of the burst:
SFE(burst) =
stellar mass formed during burst
gas mass available at onset of burst
(7)
This definition limits burst strengths to be within the
range 0 . . . 1 and gives, at the same time, a measure of the
global SF efficiency during the burst. Please note that since
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the burst strength depends on the amount of gas available
at the onset of the burst, bursts of the same strength but
occuring at different times and/or in galaxies of different
types do not necessarily form the same amount of stars.
E.g. a strong burst in an old and gas-poor Sa galaxy will
form a much smaller mass of new stars than a weak burst
early in the life of a gas-rich Sd galaxy. All burst strengths
can only be determined at the end of the bursts. Before the
end of the burst only lower limits can be estimated.
A truncation or strangulation of the SFR, e.g. as a
galaxy falls into a galaxy cluster and has its HI stripped by
ram pressure, is described either by an abrupt termination
of SF or an exponential decline of the SFR on a timescale τb.
After a burst or after SF truncation/strangulation, galev
models can have SFRs going either exponentially to zero or
to some constant low level.
6 THE WEB INTERFACE
We present the new web interface that enables everyone to
run her or his model of choice in a fast, easy to learn and easy
to use, and comfortable way over the internet. The interface
can be found at
http://www.galev.org
Using a web interface enables us to impose some checks
previous to program execution dealing with the most seri-
ous and frequently occuring problems. For the user this has
the important advantage of always having the latest version
at hand, including the most up-to-date input physics like
isochrone sets and stellar libraries.
6.1 How to use the web-interface
The web-interface consists of four steps: Two for the input
of the model parameters and the requested output, one for
parameter checking and at last the actual running of the
program on the web-server.
6.1.1 Principal model parameters
On the first page the user has to decide which type of model
(s)he wants to run. Those defining parameters are
(i) Galaxy type: choose between the most common
types E, S0, and Sa to Sd for undisturbed galaxies, for which
the parameters described in Sect. 5.2 will be used. In addi-
tion we offer free types, defining the shape of the SFH as de-
scribed by eqs. 4–6. We also offer instantaneous burst (SSP)
models, as well as completely definable SFHs. For the latter
mode the user has to specify a file with SFRs as function of
time in the next step.
(ii) Burst: we currently offer three possibilities: No burst,
i.e. an undisturbed galaxy, a Burst with given strength, du-
ration, and exponentially declining SFR, beginning at some
time tb and SF Truncation with the SFR declining exponen-
tially to zero on some specified timescale, again from time
tb on.
(iii) Number of filters for which magnitudes are to be
computed.
If the user chooses to run a standard model for an undis-
turbed galaxy, i.e. an elliptical or spiral galaxy, then galev
in the following uses the parameters described in Sect. 5.2.
For all other cases, i.e. either user-defined galaxy types or
models with burst/truncation, the parameters will be en-
tered in the following step.
6.1.2 Model configuration
Depending on the choices from the previous page the user
might not have all possible parameters to choose from; only
the ones required for the specified model type will be shown.
Those are:
(i) We offer a set of Initial Mass Functions (IMF),
namely from Salpeter (1955) and Kroupa (2001), both using
the Lejeune (Lejeune et al. 1997, 1998) stellar atmosphere li-
brary. Further IMF shapes (e.g. Chabrier 2003) and different
sets of stellar libraries are in preparation. In a future release
we plan to also allow the user to choose customized IMFs;
this feature, however, will be limited to SSP models (i.e. for
star clusters).
(ii) Gaseous emission can be switched off or on, and the
user can choose to include only continuum emission or both
continuum and line emission. In fixed metallicity models, the
gaseous emission is evaluated for the respective metallicity,
in the chemically consistent case, it is calculated appropri-
ately as described in Sect. 3.3.
(iii) The metallicity: choose between chemically consis-
tent models, i.e. those including all enrichment effects de-
scribed above, or a model with metallicity fixed to one of
the following values [Fe/H] = −1.7,−0.7,−0.4, 0.0,+0.4.
(iv) The galaxy type is shown as a reminder, but cannot
be changed here any more. To change the type the user has
to go back to the first step.
(v) Galaxy mass is another free parameter, mainly used
for normalization. We do not include a mass-metallicity re-
lation of any kind, so this parameter has no impact on the
resulting colours. Note that when galev is combined with a
cosmological model to e.g. obtain apparent magnitudes, the
model galaxy mass can optionally gets rescaled to match,
after a Hubble time, the average B-band luminosity of local
galaxies of the respective type in Virgo.
(vi) SFH parameters: if (and only if) one of the free
models has been chosen, then the variables α (normalization
for the SFR of an elliptical model), τ (e-folding timescale
of an elliptical model), β (factor of proportion for spiral
models), and ψ0 (constant SFR of an Sd model) can be
freely chosen by the user. The meaning of those parameters
is explained in more detail in Sect. 5.2. If in the previous step
the user requested the SFH to be read from a file this will
be specified here. We caution the reader to carefully study
the web-output from galev, since depending on the chosen
parameters there might be problems, e.g. a SFR exceeding
the amount of gas that is available.
(vii) If the user wants to compute a galaxy featuring a
burst or SF truncation, then (and only then) he/she has
to specify the time of the onset of the burst, expressed in
years after galaxy formation and the e-folding timescale for
the decline of the SFR during the burst. While those two
parameters are common to both truncation and burst, only
in the latter case one also needs to supply a burst strength.
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Following our definition of the burst-strength in Sect. 5.3
(eq. 7), this specifies the fraction of gas available before the
burst that is to be converted into stars during the burst. If
one instead wants to specify the SFR at the very onset of
the burst, SFR(t = tb), those two numbers can be converted
into each other by b = SFR(t = tb)× τb/Mgas(t = tb).
(viii) galev currently supports two different extinction
laws that can be applied to the spectra, the Calzetti et al.
(1994) law for starburst galaxies, and the Cardelli et al.
(1989) Milky Way extinction law, using the standard value
of RV = 3.1. To compute colours for different extinction
values, the user can specify a maximum E(B-V) value and a
step-size. The output (see below) will then include multiple
files, one for each extinction value in the requested range.
(ix) Cosmological parameters need to be specified to
model the evolution of galaxies with redshift. The user can
choose Hubble constant H0, ΩM, and ΩΛ, while ΩK is fixed to
0. To convert ages into redshifts the user also has to select
a formation redshift zform, so that the age of the galaxy
is given by age(z) = tH(z) − tH(zform) with tH being the
Hubble time at redshifts z and zform. Note that the modeling
process is terminated at a galaxy age of 16Gyr. A choice of
cosmological parameters leading to a galaxy age of more
than 14Gyr (e.g. too low a Hubble constant) hence results
in an error-message, so that no colours will be computed for
this case.
(x) Although galev offers a full range of different output
options (see below), not all the numbers will be actually
needed for any specific application. The user can therefore
use the section Output parameter to restrict the output,
leading to faster execution and smaller downloads.
(xi) To compute magnitudes from the spectra the user
can choose from a large list of filter functions and also
specify the magnitude system on which magnitudes are to
be based (Vega, AB or ST magnitudes) For each filter a dif-
ferent magnitude system can be chosen. This eliminates the
uncertainties involved in any a posteriori transformations
between different systems.
We also offer an extensive online help giving examples
for different parameters and how they affect the resulting
SFH.
6.1.3 Output
In the following we will describe which outputs are available
and also how they are computed.
(i) The integrated spectra for each timestep are the
most important output, since from those all magnitudes and
redshifted spectra are derived.
(ii) Convolving the spectra with the appropriate filter
functions and applying the appropriate zeropoints gives us
the magnitudes of the model as a function of time.
(iii) galev also delivers the most useful diagnostic data
for each timestep, such as current stellar and gaseous
mass, star formation rates, ISM metallicity, and ion-
izing flux NLyC.
(iv) After applying a cosmological model to convert
galaxy age into redshift (assuming a formation redshift)
we can compute the redshifted galaxy spectrum, that in-
cludes all evolutionary effects. We also apply the intergalac-
tic attenuation from Madau (1995) to account for absorption
of flux shortwards of Lyα by intervening neutral hydrogen
clouds.
(v) Convolving those redshifted spectra with filter func-
tions FF(λ) and adding the bolometric distance modulus
gives us apparent magnitudes with and/or without attenua-
tion, that then can be used e.g. for comparison with observed
SEDs to derive photometric redshifts or ages and metallici-
ties.
(vi) From the data described above we can derive cosmo-
logical corrections due to the shifting of the filter functions
to shorter restframe wavelengths (k-corrections) and evo-
lutionary corrections (e-corrections). Those corrections are
computed as follows:
k(z) = −2.5× log
∫
∞
0
f(t = t0, z, λ)× FF(λ)dλ
∫
∞
0
f(t = t0, 0, λ)× FF(λ)dλ
(8)
e(z) = −2.5× log
∫
∞
0
f(t = t(z), z, λ)× FF(λ)dλ
∫
∞
0
f(t = t0, z, λ)× FF(λ)dλ
(9)
where f(t, z, λ) is the flux at wavelength λ of a galaxy of age
t at redshift z, t0 the current age of the universe (which de-
pends on the specified cosmological parameters), and FF(λ)
a filter function.
6.1.4 Parameter checking and execution
As a third step in the modeling process we perform a quick
check to ensure that all required parameters are given and
correspond to valid combinations. The page also displays all
given parameters to allow the user to check the input, and
eventually perform corrections by going back to the previous
page. However, the tests performed are just basic validity
tests and do not ensure that the computed model makes
physical sense.
In the fourth and last step, after the user has made
sure that all input is correct, we create all files necessary for
the actual modelling. The execution of the galev program
takes several minutes to run. We urge all users to carefully
read through the given output to check if everything ran
smoothly.
Directly after galev has created all spectra, it com-
putes the magnitude evolution as a function of time or red-
shift in all filters requested, again taking a few minutes to
complete.
For compatibility reasons all output is given as human-
readable ascii-files, with values aligned in columns that are
separated by spaces, so that the files can be easily anal-
ysed and/or plotted. The resulting files are then automat-
ically combined and compressed into one archive (.tar.gz)
file, that can be downloaded. Each archive also contains a
small ReadMe file listing the content of each file. The mean-
ing of individual columns are specified at the beginning of
each file.
6.2 Upcoming features of the web-interface
In its current version the web-interface supports the most
frequently used galev features like computing spectra and
colours. Further features, like the computation of Lick in-
dices or colour magnitude diagrams are currently in the pro-
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cess of being adapted and implemented into the webpage and
will be accessible online in the near future.
7 FUTURE PROSPECTS
In the near future (Weilbacher et al. 2009, in prep.) we will
offer further stellar libraries, e.g. Munari et al. (2005) and
Coelho et al. (2005), to be able to compute high-resolution
spectra for comparison with modern spectroscopic surveys.
Those libraries have higher spectral resolution and shorter
wavelength coverage but are not colour-corrected in the way
Lejeune et al. (1997, 1998) did for the Kurucz spectra to
reproduce the observed colours of stars from the UV through
the NIR over the full range of effective temperatures.
One drawback of current galaxy evolutionary synthesis
models is that they do not include a self-consistent treat-
ment of dust absorption and reemission. One factor con-
tributing to this difficulty are geometric effects and depen-
dencies of dust masses and properties on gas content, chemi-
cal abundances and eventually even radiation field. Early at-
tempts to consistently include dust absorption as a function
of gas content and [Fe/H] in collaboration with D. Calzetti
were encouraging (cf. Mo¨ller et al. 2001) and showed that
every undisturbed galaxy goes through a phase of maxi-
mum extinction of E(B − V) ∼ 0.4. The redshift of this
maximum E(B − V ) phase is determined by the interplay
between decreasing gas content and increasing metallicity.
The predicted values at high-redshift z ≈ 3 (equivalent to
a galaxy age of ≈ 2 Gyr) agree well with observations from
Steidel et al. (1999), Shapley et al. (2001) and Colbert et al.
(2006).
Another aspect is the coupling of galev to a dynamical
model (SPH + N-body + SF + feedback) to cope with in-
creasingly available data from Integral Field Units allowing
spatially resolved spectroscopy. Our early attempt to couple
galev models for single stellar generations with a cosmo-
logical structure formation simulation by M. Steinmetz was
encouraging (cf. Contardo et al. 1998) and showed that this
approach is feasible. The simulated HST images of a galaxy
at different redshifts showed fairly good agreement with ob-
servations but ultimately failed to reproduce the correct lo-
cal disk sizes and parameters. A better and more detailed
description of feedback seems to be required. This can only
be obtained from an extensive comparison between model
results and resolved galaxy observations. The key issue is to
have a correct criterion for SF and a correct description of
feedback on the relevant scales and over the full range of
SF activity – from the lowest levels in the farthest outskirts
of galaxies to the highly clumped and clustered SF in the
strongest starbursts.
8 APPLICATIONS
galev models have a wide range of applications from star
clusters and resolved stellar populations of nearby galaxies
through integrated properties of galaxies up to the highest
redshifts. A fair number of them have been explored so far,
many of them hand in hand with refinements or special fea-
tures added to the models. Here we briefly recall a few of
them to illustrate the various features of galev.
8.1 Star clusters
The simplest stellar systems to study with galev are star
clusters, so-called simple stellar populations (SSPs) where
all stars are formed essentially within one timestep and with
the same chemical abundances. galev models describe the
time evolution of SSPs with different metallicities, including
the gaseous emission during early evolutionary stages and
as appropriate for their respective metallicity. They can also
incorporate extinction within the clusters’ parent galaxy on
the basis of empirical extinction laws from Calzetti et al.
(1994) or Cardelli et al. (1989).
Using our AnalySED tool (Anders et al. 2004b,a), we
can compare observations in widely spaced broad-/medium-
band filters to a grid of galev models and derive physical
cluster parameters such as ages, masses, metallicity, and ex-
tinction between the cluster and the observer If one of the
parameters can be externally constrained (e.g. dust-free en-
vironment, or metallicity previously determined from spec-
troscopy) observations in at least 3 bands are required, oth-
erwise at least 4 bands are needed. As a large number of
star clusters can usually be covered by a single set of ob-
servations, this is a very efficient way to study statistically
significant cluster samples.
As shown both in studies based on artificial star clus-
ters and on star clusters with ages and metallicities de-
rived independently from CMDs, accuracies in age de-
termination of ∆age/age 6 0.3 and in metallicity deter-
minations of ∆[Fe/H]/[Fe/H] 6 0.2 are achievable, prefer-
ably if both a short-wavelength band (U or B) and a
NIR-band are included (Anders et al. 2004a; de Grijs et al.
2003a; de Grijs & Anders 2006). The U-band is crucial for
accurate age-dating, and a NIR-band (H or K) for accu-
rate abundances. We successfully applied these models in
Anders et al. (2004b) to the interpretation of the young star
cluster systems in the starburst dwarf galaxy NGC 1569, in
Anders et al. (2007) to the analysis of the star clusters in
the interacting Antennae galaxies (NGC 4038/39), and in
Kotulla et al. (2008) to the derivation of ages and metallic-
ities of the globular clusters in the Virgo S0 galaxy NGC
4570.
8.2 Colour-magnitude diagrams
One special feature of galev is its ability to compute colour-
magnitude diagrams (CMDs) in any desired passband com-
bination. This is possible not only for SSPs or instantaneous
bursts, but also for composite stellar populations with com-
plex SFHs. This has successfully been used to identify the
best possible passband combination to disentangle age and
metallicity effects in star clusters in various age ranges (cf.
Fritze et al. 2006).
In Fritze & Lilly (2007) we compared the SFH obtained
from the CMD with those obtained from the integrated spec-
trum, from Lick index measurements and from multi-band
photometry in their respective accuracies and limitations.
The basic result was that none of the methods allows to look
back beyond a recent burst or some recent phase of enhanced
SFR, and that all methods face very similar accuracy limi-
tations at look-back times beyond ∼ 1 Gyr. Only within the
most recent Gyr, CMD analysis achieves the most detailed
SFHs (cf. Lilly & Fritze 2005b,a). The importance of this
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kind of comparative investigation lies in the fact that CMD
analyses can only be done for the resolved stellar popula-
tions within the nearest Local Group galaxies. All attempts
to explore the SFHs of more distant galaxies have to rely on
integrated spectra and, for the most distant ones, on inte-
grated photometry only.
8.3 Undisturbed galaxies
In Bicker & Fritze (2005) we used galev models to study
the effects of the chemical evolutionary state of galaxies on
their star formation rate indicators (Hα, [OII], NUV and
FUV luminosities) and found that all of them significantly
depend on metallicity, with errors in the worst cases of up to
factors of a few, confirming previous observational evidence
(e.g., Jansen et al. 2001; Hopkins et al. 2003; Kewley et al.
2004).
In Schulz et al. (2003) study the time and redshift evo-
lution of bulge-to-disk light ratios in different wavelength
bands by assuming a short timescale for SF for the bulge
component Ψbulge ∼ exp(−t/1Gyr) and a constant SFR for
the disk component Ψdisk ∼ constant. The integrated spec-
tral and photometric evolution of different spiral galaxy
types was then obtained by adding up the bulge and disk
components in mass ratios so as to give, after a Hubble time
of evolution, the observed average B-band bulge-to-disk light
ratios for the respective spiral types Sa through Sd. This
study showed a significant wavelength dependence of the
bulge-to-disk light ratios in agreement with observations by
Eskridge et al. (2002). This has implications for galaxy clas-
sification in different redshift intervals. It also opens a new
possibility to explore bulge formation scenarios and bulge
formation redshifts by comparing bulge-to-disk light ratios
measured in different bands.
8.3.1 Starbursts in Blue Compact Dwarf Galaxies
Starbursts were first investigated with galev models in the
context of Blue Compact Dwarf Galaxies (BCDGs) in a se-
ries of papers by H. Kru¨ger (Kru¨ger et al. 1991, 1992, 1993;
Kru¨ger & Fritze 1994; Kru¨ger et al. 1995). These authors in-
vestigated a sample of BCDGs with optical and NIR pho-
tometry in order to derive their burst strengths and the age
of their underlying stellar population. The main results we
want to recall here are that even very weak ongoing bursts
can completely dominate the light in the optical, in par-
ticular at the low metallicities Z⊙/50 . . . Z⊙/5 typical for
BCDGs. An underlying old galaxy component can only be
detected in the NIR and was found for every BCDG of
our sample. Very accurate age-dating was possible for those
BCDGs which showed a 4600 A˚ bump caused byWR-stars in
their spectra. Burst strengths were found to be of the order
of a few percent only, when defined in terms of stellar mass
increase. They were also shown to systematically decrease
with increasing galaxy mass, where the latter included the
important mass contributions of HI. This result is in agree-
ment with expectations on the basis of the stochastic self-
propagating SF scenario put forward by Gerola & Seiden
(1978) and Seiden & Gerola (1979).
8.4 Interacting galaxies and mergers
In Fritze & Gerhard (1994a,b) we studied a grid of starburst
models with bursts of various strengths occurring in Sa, . . .,
Sd spirals at different ages in their spectral, photometric and
chemical evolution and then analyzed the starburst in the
gas-rich massive spiral-spiral merger NGC 7252. We found
this burst to have started about 600 − 900Myr ago and to
have been stronger by 1− 2 orders of magnitude than those
in BCDGs. The bulk of information available for this galaxy
even allowed us to estimate the SF efficiency on the basis of
a comparison of the stellar mass formed during the burst.
Our conservative estimate for the overall SF efficiency
(see equation 7) during this interaction-induced starburst
indicated a very high value SFE > 0.35 (Fritze & Gerhard
1994a,b; Fritze & Burkert 1995), again about two orders
of magnitude higher than any SFE measured for molecu-
lar clouds in the Milky Way or the Magellanic Clouds, and
high enough to allow for the formation of a new generation
of globular clusters (cf. Brown et al. 1995; Li et al. 2004).
galev models indicated that NGC 7252 at present still fea-
tures a low-level ongoing SFR of ∼ 3M⊙ yr
−1 in its centre,
powered for ∼ 50% by gas set free at present from dying
burst stars and for ∼ 50% by HI falling back onto the main
body from the tidal tails. Both of these gas delivery rates
will decrease over the next 1−3Gyr. Depending on whether
the SFR will cease completely or continue at some very low
level, NGC 7252 will spectrally evolve into an elliptical or
S0 galaxy over the next 1− 3Gyr. Already at present, NGC
7252 features an r1/4− light profile across a radial range of
∼ 14 kpc, if azimuthally averaged (Schweizer 1982)
Independent confirmation for the unexpectedly high
value found for the SFE in NGC 7252 came from the de-
tection of a rich population of massive compact star clusters
with ages in agreement with the global starburst age which,
in turn, is in agreement with dynamical merger ages from
N-body + SPH simulations (e.g. Hibbard & Mihos 1995).
Spectroscopy of the brightest clusters confirmed their metal-
licities to be between Z⊙/2 and Z⊙, as expected if they
formed out of the gas pre-enriched in Sc-type spirals – with
some evidence for a moderate amount of self-enrichment
during the burst on the basis of their slightly enhanced
[α/Fe] ratios. In Fritze & Burkert (1995) we estimated that
the number of clusters with masses in the range of Galactic
globular cluster (GC) masses that formed in the burst and
survived until the present is of the same order of magnitude
as the number of GCs present in two average-luminosity
Sc-type spirals before the merger. Hence, this spiral-spiral
merger will, after the fading of the post-starburst and af-
ter the fading and dissolution of the tidal features, evolve
into an elliptical or S0 galaxy with a normal GC specific fre-
quency. GCs of age 0.5 . . . 1 Gyr have already survived the
most critical phase in their lives, the infant mortality and
early mass loss stages, and stand fair chances to survive for
many more Gyr (cf. Lamers et al. 2005; Bastian & Goodwin
2006; Parmentier & Fritze 2009).
In de Grijs et al. (2003b) we used galev SSP models to
analyze the luminosity-weighted ages pixel-by-pixel on ACS
images of the interacting galaxies Tadpole and Mice and
studied their star cluster populations. A surprising result
was that about 35 % by mass of all recent SF went into the
formation of star clusters in both galaxies, not only across
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the main bodies of both galaxy systems but all along their
very extended tidal tails.
In Temporin & Fritze (2006) we applied galev mod-
els to investigate the SF and starburst histories of galaxies
in a very compact group of galaxies on the basis of multi-
band photometry and spectra and in Wehner et al. (2006)
we studied the SF activity and its history in the extended
tidal debris surrounding the starburst galaxy NGC 3310.
8.4.1 Tidal Dwarf Galaxies
Not only star clusters can form in the low-density environ-
ments of tidal tails but sometimes even star-forming ob-
jects with masses in the range of dwarf galaxies: so-called
Tidal Dwarf Galaxies (TDGs), or better TDG candidates.
In Weilbacher & Fritze (2001) and Weilbacher et al. (2002,
2003b,a) we analyzed the first reasonably sized sample of
TDGs and found that they all contain a stellar population
inherited from the spiral disk out of which the tidal tail has
been torn, together with a significant young stellar popula-
tion that must have been formed in situ within the tidal tail
after it had been ejected. A characteristic feature of TDGs
is that they do not follow the luminosity-metallicity relation
of dwarf galaxies but all have similar metallicities character-
istic of the HII region abundances in spiral disks.
Again it turned out that optical observations alone are
not sufficient to disentangle the mass contributions of the in-
herited versus the starburst components. Even a 90 % mass
fraction in the inherited component can be entirely hidden
in the optical by an ongoing burst that only makes up for 10
% of the mass. Only in optical-NIR colours can the inherited
component be detected that is not entirely old but contains
the mix of stellar ages present in the disk before the tidal
tail was thrown out.
8.5 Galaxy transformation in groups and clusters
A variety of scenarios are discussed in the literature to ex-
plain the transformation of the spiral-rich field galaxy pop-
ulation into the S0-/dSph-/dE-rich galaxy population ob-
served in rich galaxy clusters at low redshift. The follow-
ing processses have been proposed: High-speed disruptive
galaxy-galaxy interactions called harassment, interactions
between galaxies and the dense hot Intracluster Medium
(ICM), and enhanced merging within infalling groups. All
of these scenarios are observed to be at work in a number of
individual cases. Their relative importance, their timescales,
transition stages, and end products, however, are not known
yet. All of these transformation processes both affect the
morphological appearance of galaxies and – via their SF
histories – their spectral properties. How the timescales
for morphological transformation and spectral transforma-
tion relate to each other in the various scenarios and en-
vironments is not clear to date. Removal of gaseous halos,
outer, and inner HI disks leads to SF strangulation on long
timescales or to SF truncation on shorter ones. Destabi-
lization of disks through encounters or shocks as well as
mergers within infalling groups may lead to starbursts. We
explored aspects related to the spectral transformation of
galaxies through all these scenarios and investigated which
scenarios in which type of progenitor galaxy and at which
evolutionary stage can lead to the observed luminosity and
colour ranges of S0 galaxies by implementing SF stran-
gulation/truncation on different timescales with and with-
out preceding starbursts into galev models in Bicker et al.
(2002). In Falkenberg et al. (2009a,b) we extended the mod-
els to also include the evolution of the D4000 and Hδ Lick
indices into the galev models for galaxy transformation and
investigated under which conditions the so-called E+A-, or
k+a-, and the Hδ-strong galaxies (cf. Poggianti et al. 2004;
Dressler et al. 2004) are formed, what is the lifetime of this
respective phase, what is the colour and luminosity of the
galaxy in this transition stage and what is the end-product.
8.6 High redshift galaxies and photometric
redshifts
If coupled to a cosmological model, galev can be used to
study the evolution of galaxies from the very onset of SF
in the early universe until today. Accounting for the signifi-
cantly sub-solar metallicities observed at high redshifts – in
particular when dealing with intrinsically faint galaxies that
dominate in deep field surveys – allows us to determine more
accurate photometric redshifts, as compared to those ob-
tained with solar-metallicity models only (Kotulla & Fritze
2009) or observed templates (Kotulla 2009, in preparation).
In Fritze & Bicker (2006) we examined starbursts and
their respective post-starburst stages across a wide range of
redshifts with the surprising result that dust-free models in
their long post-burst phases after strong starbursts at high
redshifts can get the colours and luminosities of Extremely
Red Objects (EROs) as e.g. observed in the K20-survey (cf.
Daddi et al. 2002; Cimatti et al. 2002).
Only when we also include – in addition to our set of
undisturbed models E, Sa, . . ., Sd – the very blue starburst
phases and also their extremely red postburst phases can we
reproduce the full range of colours observed e.g. in the Hub-
ble Deep Fields (Kotulla & Fritze 2009, in preparation). In
Fig. 9 we show the F606W-Ks (approx. V-K) colour evo-
lution for a set of undisturbed models E, and Sa through
Sd, and for models with major starbursts (burst strengths
chosen to consume 70% of the in each case available gas)
occurring at different ages in a previously undisturbed Sb
galaxy. A comparison to the photometric galaxy catalog of
Ferna´ndez-Soto et al. (1999) for the HDF shows that galev
models can describe the full colour range, even without any
dust. Note that dust certainly plays a role in ongoing star-
bursts but not any more during postburst stages. Appar-
ently, as observed in the local Universe, galaxies use up and
destroy part of their dust in starbursts, while the rest is
blown away by the end of the burst.
8.7 Redshift evolution of ISM abundances: spiral
models vs. DLAs
The SFHs of our closed-box model galaxies were constrained
by requiring agreement after 12−13 Gyr of evolution not
only with observed spectrophotometric properties of the var-
ious galaxy types but also with their gas content and ISM
abundances (cf. Sect. 5.2). While this ensures agreement at
the present stage it needs not necessarily imply agreement
over the entire evolutionary path. Some subtle interplay be-
tween SFR and infall rate, e.g., could lead to the present-day
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Figure 9. V-K colour as function of redshift for five undisturbed
spectral types E and Sa through Sd. Extremely blue colours are
found during active starbursts, while extremely red colours can
be reached during the postburst phases of early starbursts, here
shown for galaxy ages of 1, 2, 3, 5, and 10 Gyr.
agreement after ages of disagreement. Infall rates are very
hard to constrain from a comparison with spectrophotomet-
ric properties alone. They can, however, be constrained by
comparing chemical abundances. It is therefore of prime in-
terest to compare the redshift evolution of ISM abundances
to observations of high-redshift galaxies.
Transforming the time evolution of ISM abundances
into a redshift evolution only requires the one-to-one trans-
formation between galaxy age and redshift that is given by
any set of cosmological parameters (see. Sect. 3.9)
Damped Lyman-α absorbers (DLAs) are a particular
class of absorption systems, usually observed in the line-
of-sight of quasars, with damping wings on the Lyman-α
line due to the high column densities of neutral hydrogen of
N(HI) > 1021 cm−3 in the absorbers. The damped Lyman-α
line is always accompanied by a number of low-ionisation
heavy element lines, many of which are the dominant ioni-
sation states in those absorbers. DLAs are most easily ob-
served in the redshift range z ∼ 2 to z > 4 and have been pro-
posed to be potential progenitors of present-day spiral disks:
Their HI column densities are similar to those in local gas-
rich disks and their gas content, derived from rotational ve-
locities of the order 100 . . . 200km s−1, is similar to gaseous
plus stellar masses in local spirals. In Lindner et al. (1999)
we compared the redshift evolution of our spiral galaxy mod-
els, calculated in a chemically consistent way with stellar
yields for a large number of elements and 5 different stellar
metallicities to the first reasonably sized set of Keck HIRES
abundances for DLAs from the literature. We found surpris-
ingly good agreement for all the different abundances over
the entire observed redshift range with our closed-box mod-
els.
Studying the impact of various amounts of infall showed
that it was not possible to accommodate more than a moder-
ate amount of infall, increasing the total mass from redshift
2 until the present by not more than a factor ∼ 2, with-
out losing agreement with either the spectral or the chem-
ical properties or both, no matter how we tuned the SFH.
We hence concluded that from a chemical evolution point of
view DLAs might well be the progenitors of present-day spi-
ral galaxies of all types Sa . . . Sd and that those are reason-
ably well described by closed-box or moderate-infall models.
This implies that DLAs have already almost all the mass of
present-day spirals – albeit almost completely in the form of
HI gas. galev models indicated low stellar masses and low
luminosities for DLA galaxies, in agreement with the large
number of non-detections/upper limits. Mass estimates from
rotation velocities derived from detailed modeling of asym-
metries detected in some DLA profiles confirmed our mass
predictions (cf. Wolfe et al. 2005). galev models also pre-
dicted a change in the DLA galaxy population from high to
low redshift and showed that the DLA phenomenon can be
understood as a normal transition stage in the life of every
spiral. During their enrichment process to higher metallici-
ties they convert their gas reservoir into stars, therefore get
increasingly gas-poor so that above a certain metallicity they
drop out of DLA samples due to too low a gas content (cf.
Lindner et al. 1999, for more information). This is in agree-
ment with observations that show the lowest redshift DLA
galaxies to be low-luminosity late-type or irregular galaxies.
9 SUMMARY
This paper presents the galev evolutionary synthesis mod-
els for star clusters, undisturbed galaxies and galaxies with
starbursts or/and star formation truncation now available
on the web at
http://www.galev.org
We describe the input physics currently used, that will con-
tinuously be updated.
For a number of different stellar IMFs, the spec-
tral evolution of star clusters of metallicities in the range
−1.7 6 [Fe/H] 6 +0.4 can be calculated, and a large number
of filter systems are available for the photometric evolution
as well as the full set of Lick absorption indices.
galev features a unique combination of characteristics
that allow for what we call a chemically consistent modelling
of the chemical evolution of the ISM together with the spec-
tral evolution of the stellar component.
This means that the initial abundances of every stellar
generation are accounted for by using input physics (stellar
evolutionary tracks, stellar model atmospheres, gaseous line
and continuum emission, stellar lifetimes, yields and rem-
nant masses) appropriate for the increasing initial abun-
dances present at the formation time of successive stellar
generations. This chemically consistent modeling accounts
for the observed broad stellar metallicity distributions in
local galaxies as well as for the increasing importance of
subsolar abundances in local late-type and low luminosity
galaxies and in high redshift galaxies.
Galaxy models can be calculated either in the chemi-
cally consistent way or for some fixed metallicity upon re-
quest. Models give spectra, emission line strengths and Lick
absorption features, photometric quantities for a large num-
ber of filter systems, and chemical abundances, gaseous and
stellar masses, star formation rates, etc. in their time evo-
lution for normal galaxies, galaxies with starbursts or/and
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star formation truncation as specified by the user or for user
customized star formation histories.
If a cosmological model is selected, all quantities are
also provided in their redshift evolution, fully accounting
for evolutionary and cosmological corrections and including
the attenuation by intergalactic neutral hydrogen.
We present the models, the input physics they use, their
calibrations, the web interface and some examples of selected
applications for illustration and we discuss current limita-
tions and future prospects.
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APPENDIX A: WORKING IN PICTURES
In the following we will present the workings of galev in
a more vivid way by guiding the reader through a series of
steps. We give examples for the input physics galev uses
and show how this is used throughout the process of mod-
elling a galaxy.
A1 General steps
In the first step we present how one gets from isochrones,
a stellar IMF, spectral library, and atomic physics to an
integrated isochrone spectrum. For this example we choose
to work with isochrones from the Padova group, a Salpeter-
IMF from 0.1M⊙ to 100M⊙ and stellar spectra from the
Lejeune library, all using solar metallicity.
Step 1: Choose set of isochrones
Fig. A1 shows solar-metallicity isochrones for three dif-
ferent ages of 4 Myr, 100 Myr and 1 Gyr as a colour-
magnitude diagram. For very young ages the main sequence
reaches up to high masses and hence very high luminosities
≈ −10mag. For the later stages the red giant branch (RGB)
at (B− V) ≈ 1 . . . 1.4 is clearly visible and also the asymp-
totic giant branch (AGB). Note that stars on the AGB can
reach extremely red colours of (B− V) ≈ 4mag and at the
same time get very bright in the NIR (MK ∼ −10mag) dur-
ing the thermal pulsation (TP) phase.
−10
−5
 0
 5
 0  1  2  3  4
a
bs
ol
ut
e 
B−
m
ag
ni
tu
de
colour B−V
4 Myr
100 Myr
1 Gyr
Figure A1. Solar metallicity isochrones from the Padova group
for three different ages of 4 Myr, 100 Myr and 1 Gyr
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Figure A2. Two examples of initial mass functions, here from
Kroupa (2001) and Salpeter (1955)
Step 2: Select Initial Mass Function
In a second step we have to choose a parameterization for the
number of stars as function of their mass. Fig. A2 shows two
common IMFs, the Salpeter and Kroupa IMFs. For masses >
1M⊙ both predict roughly comparable number of stars, but
they differ in the low mass regime 6 1M⊙. This will not only
affect mass-to-light ratios, but also have an impact on the
resulting spectra and in particular the chemical enrichment,
since fewer low-mass stars also means that less mass gets
locked up in long-lived stars.
Step 3: Populate isochrones with stars
With both isochrones and IMF at hand we can now populate
the isochrones with stars taken from an IMF. For each mass
point on the isochrone the IMF tells us how many stars were
being formed with this mass. The results are shown in Fig.
A3, where we also added some scatter around the individ-
ual points to give the artificial colour-magnitude diagram
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Figure A3. Synthetic colour magnitude diagram where each
point from the isochrone is assigned a numbers of stars based on
the IMF. We added some scatter around each point to produce a
smoother appearance.
a smoother and more realistic appearance. We also added
at least one star to each point to bring out all phases of
stellar evolution. However, in reality, this might not be the
case, since some phases, e.g for very young and extremely
hot white dwarfs last for a very short timescale only.
Step 4: Assign a spectrum to each star
Next we assign a spectrum to each star in the colour-
magnitude diagram. The parameters required for this are
either directly given in the isochrones (e.g. the effective tem-
perature Teff) or can be derived from other parameters (e.g.
the surface gravity log g can be calculated from the stellar
mass, its bolometric luminosity and effective temperature).
In Fig. A4 we show four sample spectra for stars with iden-
tical log g = 4.0, but temperatures ranging from 20000K
down to 2000K. Hot stars have a smooth slope and are
bright in the UV. Stars with Teff ≈ 10000K have promi-
nent Balmer absorption lines characteristic for spectral type
A stars. Cool stars are dominated by broad molecular ab-
sorption bands and only emit at long wavelengths. Not all
stellar parameters are directly covered by the library, all
other values have to be interpolated between neighbouring
points in the library. Is is therefore crucial for the stellar
library to cover the full parameter range.
Step 5: Integrate spectra of all stars
To create stellar isochrone spectra we now integrate the light
of all stars. Special care has to be taken to account for the
different luminosities of stars at their respective stages of
evolution. In Fig. A5 we show spectra for the same ages dis-
cussed above, 4 Myr, 100 Myr, and 1 Gyr. The youngest
spectrum is almost completely dominated by the hottest
and brightest high-mass stars that also dominate part of the
100 Myr spectrum. For this spectrum the highest-mass stars
have already exploded as supernovae and with them the flux
in the FUV already has decreased considerably. In the op-
tical the 4000A˚ break starts to appear, becoming stronger
0
2
4
0
2
4
0
2
4
0
2
4
 2000  5000  30000 1000  10000
a
rb
itr
ar
y 
sc
al
ed
 fl
ux
 [e
rg 
s−
1  
cm
−
2  
Å−
1 ]
wavelength [Å]
20000K
10000K
5000K
2000K
Figure A4. Sample spectra from the Lejeune stellar library for
stars with logg = 4.0 and Teff = (20000, 10000, 5000, 2000)K.
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Figure A5. Integrated starlight for the three isochrones shown
in Fig. A1.
with time. After 1 Gyr there is little UV flux remaining,
the spectrum is now dominated by stars with lower masses
≈ 2M⊙.
Step 6: Compute gaseous line and continuum emission
Until now we have only dealt with stellar light. However, as
mentioned earlier, at young ages isochrones contain large
contributions from high mass stars. These emit a large
fraction of their light in the UV and also produce signifi-
cant numbers of photons energetic enough to ionize hydro-
gen. The energy injected into the surrounding interstellar
medium produces both emission lines and also continuum
emission. The detailed mechanisms of this are discussed in
Sect. 3.3 and shown in Fig. A6. Note that while the strength
of the heavy element emission lines depends on the metal-
licity of the gas, the strength of the continuum emission and
hydrogen emission lines purely depends on the ionizing pho-
ton flux.
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Figure A6. Gaseous emission spectrum for solar metallicity.
Shown in blue is the continuum emission, and continuum and
line emission in red.
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Figure A7. Integrated isochrone spectra for the same isochrones
shown in Figs. A1 and A5, including both stellar and gaseous
emission.
Step 7: Add gas emission to stellar spectrum
For each isochrone we now compute the gaseous emission
spectrum based on the metallicity and ionizing photon flux
derived from isochrones and IMF. Since the latter heavily
depends on the age of the isochrone so does the strength of
the gaseous emission. In Fig. A7 we show the same spec-
tra as in Fig A5, but now with gaseous emission included.
For the first spectrum at an age of 4Myr the emission lines
clearly stand out in the optical. However, for the later stages
there are no changes compared to the purely stellar spectra,
since only stars with masses & 20M⊙ and hence very short
lifetimes . 10Myr produce the majority of the ionizing flux.
In galev those previous steps are repeated for all
metallicities and ages available from the isochrone set, yield-
ing a full set of isochrone spectra including both stellar and
gaseous emission.
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Figure A8. Example for contributing isochrone spectra during
interpolation in age.
A2 Additional steps for star clusters
Continuing from the library of isochrone spectra galev can
now compute the finer grid required for the study of star
clusters.
Step 8: Interpolate between ages given by the isochrones
The time resolution offered by the isochrones in general only
spans a relatively coarse grid with logarithmic age spacing.
However, it is advantageous to create a grid with smaller and
linear age steps. This can be done by interpolating additional
ages to fill the gaps in the isochrone grid. Since spectra vary
roughly linearly with logarithmic time, i.e. changes are larger
at small ages and small at large ages we use this as basis for
our algorithm. In Fig. A8 we show two isochrone spectra
for ages of log(t) = 6.7 and log(t) = 6.9 and the result-
ing spectrum for log(t) = 6.85. The resulting spectrum was
computed by Spec(log(t) = 6.85) = 0.25 × (Spec(log(t) =
6.7) + 3× Spec(log(t) = 6.9).
To obtain a full grid to be used e.g. for age-dating star
clusters one has to repeat this procedure for each required
time step and each metallicity. The steps involved with ap-
plying dust extinction and computation of magnitudes from
spectra is explained in Steps 11 and 14 below.
A3 Additional steps for galaxies
Galaxies are completely different from star clusters since
they contain multiple stellar populations, generally covering
a range of ages and metallicities. We explain the basic steps
dealing with multiple populations based on a toy-model of
a galaxy made from only two populations with different
ages and metallicities. The subsequent explanations use the
model of an undisturbed elliptical galaxy.
Step 8: Compute initial abundances for next generation
To derive the chemical evolution of galaxies we have to know
four things: 1) The total mass of the galaxy, including both
the mass of stars and gas. 2) The star formation history
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Figure A9. For our toy-model we construct a very primitive
star formation history of 2 bursts, with SFRs of 100M⊙ yr1 and
50M⊙ yr1, each lasting 106 years.
(SFH), i.e. how many stars are formed at each particular
time. 3) The life times of the stars formed. This in combi-
nation with the SFH yields some form of star death record.
And we have to know 4) the end products of each star, i.e.
the mass of its remnant, and the mass of gas and heavy
elements returned to the surrounding ISM. For each time
we then have to keep track of the masses of stars, gas and
metals in the gas. All those quantities are changed by star
formation and the return of gas and heavy elements from
dying stars. The ratio of metals to gas is the crucial fac-
tor since it determines both the spectra and lifetimes of the
newly formed stars.
Step 9: Interpolate between ages AND metallicities
For all galaxies with an extended SFH we will have stel-
lar populations not agreeing with the coarse grid given by
the isochrones. We therefore have to interpolate between
isochrone spectra of different ages and also different metal-
licities. The details of this process are described in the con-
text of star clusters above and are also shown in Fig. A8.
Step 10: Add up spectra weighted with SFH
To ease the understanding how galev assembles a galaxy
spectrum from the individual spectra of each of its con-
stituent populations, we first consider a toy model of a
galaxy made from only two populations. Both populations
are described by intervals of 1Myr duration each, occuring
at an age of 100 and 200 Myr and forming stars at a rate
of 100M⊙ yr
−1 and 50M⊙ yr
−1, respectively (see Fig. A9).
Both intervals are short compared to the age of the youngest
isochrone so that they each can be described as a population
of one age. We further assume that the earlier population
(Burst 1) is formed with a metallicity of [Fe/H] = −1.7
or 1/50Z⊙, and the second (Burst 2) with a metallicity of
[Fe/H] = −0.7 or 1/5Z⊙.
We will now show how to derive the spectrum of our toy-
galaxy at two ages of 300 Myr and 1 Gyr. For each timestep
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Figure A10. Interpolated isochrone spectra for each burst and
the resulting galaxy spectrum, for galaxy ages of 300 Myr (top
panel) and 1 Gyr (bottom panel).
t one needs to derive the ages τ and metallicities of all pop-
ulations formed prior to this time. Those are then weighted
by the SFR at their respective formation time SFR(t − τ )
multiplied with the length of a time step. Those are then
added up to yield the galaxy spectrum. For our toy galaxy
at an age of 300 Myr we know that Burst 1 has metallicity
[Fe/H] = −1.7 and an age of 200 Myr. Burst 2 has metal-
licity [Fe/H] = −0.7 and an age of 100 Myr. The resulting
spectrum thus can be constructed by added up those two
isochrone spectra. The resulting spectrum is shown in the
upper panel of Fig. A10.
The spectra for all other times are created in a similar
way. Metallicities for each population stay the same, while
ages increase with time. The resulting spectrum of our toy-
model galaxy at an age of 1Gyr is shown in the bottom
panel of Fig. A10
In the following we will leave our toy-model galaxy and
instead show the remaining steps that are necessary to derive
magnitudes for an elliptical galaxy with a small amount of
dust at redshift z = 3.
c© 2008 RAS, MNRAS 000, 1–26
22 The GALEV team
 0
 2
 4
 6
 8
 10
 12
 14
 0.04  0.4  4 0.01  0.1  1  10
Ag
e 
of
 th
e 
ga
la
xy
 [1
09
 
ye
ar
s]
Redshift z
H0=70, ΩM=0.3, ΩΛ=0.7, zform=6H0=70, ΩM=0.3, ΩΛ=0.7, zform=8H0=70, ΩM=0.3, ΩΛ=0.7, zform=10H0=70, ΩM=1.0, ΩΛ=0.0, zform=8
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Step 11: Apply evolutionary correction
Since we want to model the galaxy at a cosmologically sig-
nificant redshift of z = 3 we have to take evolutionary cor-
rections into account, i.e. we observe the galaxy at an earlier
evolutionary state. We therefore have to know the age of the
galaxy at this redshift. In Fig. A11 we show the redshift-
galaxy age relation for a small range of cosmological param-
eters. It is obvious that the density parameters ΩM and ΩΛ
influence the solution, but also the formation redshift zform,
the redshift at which the galaxy started forming stars. The
impact of those evolutionary corrections can be seen in Fig.
A14. The first row shows the galaxy at redshift z=0 with
an age of ≈ 13Gyr. The second row shows the galaxy at its
evolutionary state at z = 3; the galaxy at redshift 3 started
forming stars only ≈ 1.5Gyr earlier.
Step 12: Apply extinction
In a next step we apply the attenuation due to interstellar
dust. For our example we choose the Calzetti et al. (1994)
extinction law (see Fig. A12 and choose an intermediate
degree of extinction, E(B-V)=0.2. For comparison we also
show the dust attenuation curve of Cardelli et al. (1989).
Both extinction curves have in common that the transmis-
sion, i.e. the fraction of light that remains unabsorbed, drops
towards shorter wavelengths, leading to a reddening of the
galaxy light. The results on the spectrum can be seen from
the difference between the second and third row in Fig. A14
Step 13: Redshift spectrum
The spectrum now has to redshifted by a factor (1+z). Note
that also the flux has to reduced by the same factor (1+z)
to properly account for the cosmic expansion.
Step 14: Apply intergalactic attenuation curve
Due to the high redshift at which we observe our galaxy we
have to correct for intergalactic absorption due to interven-
ing neutral hydrogen clouds. These absorb light shortwards
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Figure A12. Extinction curves from Calzetti and Cardelli. Both
show very little transmission at short wavelengths indicating that
most of the light gets absorbed.
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Figure A13. Transmission of the intergalactic medium as func-
tion of observed frame wavelength for sources at different red-
shifts.
of the Lyman-α line (1216 A˚) and hence reduce the flux in
this region. Fig. A13 shows the transmission of the IGM as
function of observed frame wavelength for sources at differ-
ent redshifts z = 1 . . . 6. For a galaxy at redshift 3 this means
that ≈ 30% of the light between the Lyman-break (912 A˚)
and the Lyman-α line is absorbed, while shortwards of the
Lyman-break essential all flux is absorbed (hence the name
Lyman-break). Fig. A14 shows in the two bottom rows the
spectrum with (5th row) and without (4th row) this atten-
uation.
All the previously mentioned effects are summarized in
Fig. A14. The first row shows the spectrum of the galaxy at
redshift z = 0 at an age of 13 Gyr. The second row still is
at z = 0, but at an evolutionary state already corresponding
to z = 3. The following panel shows the spectrum with a
reddening of E(B− V) = 0.2mag; Here most of the far-UV
flux is already absorbed by dust. The fourth row shows the
spectrum redshifted to z = 3 and the last row also takes
intergalactic attenuation into account.
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Figure A14. Galaxy spectrum of an elliptical galaxy at different
stages of the modelling process. Each following spectrum includes
all effects shown above.
Step 15: Convolve with filter response curve to compute
magnitudes
We can now convolve the final spectrum with filter response
curves. Therefore each point in the spectrum is weighted
with the relative filter response at the corresponding wave-
lengths and then integrated over all wavelengths. To convert
the resulting fluxes into observable magnitudes we have to
apply zeropoints according to the requested magnitude sys-
tem, e.g. Vega or AB. In Fig. A15 we show a wide selection
of currently available filters from different space and ground-
based telescopes.
Step 16: Add distance modulus
In a very last step we can convert the absolute magnitudes
obtained with the filters into apparent magnitudes. This is
done by simply adding the bolometric distance modulus for
the particular redshift. In Fig. A16 we show the evolution
of the distance modulus with redshift for a small selection
of possible cosmological parameter sets. For the previously
studied galaxy at redshift z = 3 we have to add a distance
modulus of 47 mag.
This paper has been typeset from a TEX/ LATEX file prepared
by the author.
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Figure A15. Selection of the filters currently offered by galev,
ranging from the far-UV to near-infrared.
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Figure A16. Bolometric distance modulus as function of redshift
for a range of cosmological parameter sets.
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